To investigate the mechanisms regulating the nucleotide usage in mammalian genes, we analyzed the sequences of three physically linked Hsp70 paralogs in human and mouse. We report that the sequences of HSPA1A and HSPA1B genes are almost identical, whereas the HSPA1L gene contains some regions very similar to HSPA1A/B and some regions with much higher divergence. Phylogenetic analysis reveals that gene conversion has homogenized the entire coding regions of HSPA1A/B and several fragments of HSPA1L. The regions undergoing conversion are all very GC rich, contrarily to the regions not subject to conversion. The pattern of nucleotide substitution in mammalian orthologs suggests that the mechanism increasing the GC content is still functioning. To test the possibility that the high GC content facilitates the expression of Hsp70 during heat-shock, we performed in vitro translation experiments. We failed to detect any effect of GC content on the translation efficiency at high temperatures. Taken together, our data strongly support the biased gene conversion hypothesis of GC-content evolution.
Introduction
The variability of nucleotide composition is one of the most mysterious characteristics of mammalian genomes. Bernardi et al. (1985) performed density gradient centrifugations of sheared mammalian DNA and observed several fractions with distinct average densities. The fractions were found to correspond to DNA fragments with different average GC contents, and the corresponding genome regions were called isochores. Although the question whether the isochores are truly ''iso'' has recently raised much controversy (Bernardi 2001; Lander et al. 2001; Li et al. 2003) , there is no doubt that mammalian genomes are far from homogenous and that we do not well understand why it is so.
In the prokaryotic genomes, the main source of GC-content heterogeneity is the presence of highly expressed genes with strongly biased codon usage. Many studies have shown that the use of optimal codons is a decisive factor determining the level of gene expression in bacteria, yeast, flies, and worms and that genes requiring high translation levels are forced by selection to adopt a particular set of codons (Gouy and Gautier 1982; Grosjean and Fiers 1982; Sharp and Li 1986; Bulmer 1987; Powell and Moriyama 1997; Duret and Mouchiroud 1999) .
The situation is more complicated in mammals. The GC content of large genome fragments (isochores) ranges from 30% to 60%, and the GC content at the third codon positions of genes (GC3) ranges from 25% to more than 90% (Bernardi 1995) . Unlike in lower organisms, no clear correlation has been found between the codon usage of genes and their expression levels. Consequently, several other hypotheses have been put forward to explain the origin of GC-rich isochores and genes in mammals. For example, based on the observation that the genomes of homeothermic vertebrates have more GC-rich isochores than the poikilothermic ones, it has been proposed that the isochore structure of mammalian genomes is an adaptation to higher body temperatures (Bernardi et al. 1985) . Although some data from genomic sequence analysis support the selective hypotheses of mammalian GC-content evolution (Zoubak et al. 1995; Hughes and Yeager 1997; Eyre-Walker 1999) , most recent analyses argue against the thermal stability version of the selectionist view (Hughes, Zelus, and Mouchiroud 1999; Hamada et al. 2003; Ream, Johns, and Somero 2003) .
An alternative set of hypotheses proposes that the GC content of mammalian isochores and the codon usage of genes have no selective meaning. The neutral factors that were proposed to account for the GC-content variation include mutation bias and biased gene conversion (BGC) (Sueoka 1988; Wolfe, Sharp, and Li 1989; Holmquist 1992; Eyre-Walker 1993; Eyre-Walker and Hurst 2001; Birdsell 2002 ). The latter theory, which has recently gained much interest (Galtier 2003; Marais 2003; Montoya-Burgos, Boursot, and Galtier 2003) , states that high GC content is a consequence of a GC-biased repair of mismatches during recombination. If this theory is true, then frequently recombining genes, as well as those undergoing concerted evolution by gene conversion, should experience an increase of GC content. Indeed, it is known that GC content correlates with the local recombination rate (Eyre-Walker 1993) . There is also evidence that the GC content of histone genes covaries with the number of their close paralogs in the genome, potentially indicative of gene conversion (Galtier 2003) . However, the evidence for gene conversion of the histone genes is rather indirect. A model locus was needed that provided good evidence for gene conversion and in which some genes or gene fragments were known not to undergo conversion. Such a locus would enable the direct investigation of the relationship between conversion and GC content.
Here we investigate a triplet of closely linked mammalian Hsp70-family genes. Two of the genes undergo frequent conversions, and they are more GC-rich than the third gene, which is only subject to partial conversions. This supports the BGC hypothesis of GC-content evolution. Interestingly, the Hsp70-family genes are differentially expressed at high temperatures, providing an interesting framework to test the thermal hypothesis of isochore evolution. Our initial experiments suggest that high GC content is not required for the efficient translation of mammalian genes at high temperatures.
Materials and Methods

Phylogenetic Analyses
The following sequences were used in this study: human (Homo sapiens) HSPA1A (M59828), HSPA1B (M59830), HSPA1L (D85730); mouse (Mus musculus) Hspa1a (M76613), Hspa1b (M35021), Hspa1l (M32218); rat (Rattus norvegicus) Hspa1a (X77207); Hspa1b (X77208); Hspa1l (X77209); pig (Sus scrofa) HSP70 (M69100); and bovine (Bos taurus) HSP70-2 (U02892). The sequences were aligned using ClustalW at http:// www.ebi.ac.uk/clustalw/ with the default parameters. Further analyses were performed on the coding regions of the genes using the MEGA2 package (Kumar et al. 2001) . The synonymous and nonsynonymous substitution rates were calculated using the Nei and Gojobori method (Nei and Gojobori 1986) . The phylogenetic trees were built using the neighbor-joining method, using the Tamura's threeparameter distance measure (Tamura 1992) , which corrects for the GC content and transition/transversion rate biases. The bootstrap tests of phylogeny were performed using 500 replicates. To estimate the transition/transversion rate ratios between the HSPA1A orthologs, Tamura's three-parameter model was used.
Nucleotide Usage Analyses
To investigate local GC contents within and around the genes, the genomic fragments containing the human and mouse MHCIII loci were downloaded from the NCBI site (http://www.ncbi.nlm.nih.gov). To compare the local GC content and the local similarity between HSPA1A and HSPA1B, 9 kb of genomic sequence centered at the two genes was aligned using the default settings of ClustalW. The local similarity was estimated as the percentage of nucleotide matches in sliding windows of 100 bp (counting gaps as mismatches), and the local GC content was also measured in 100-bp windows. To investigate the similarity between HSPA1A and HSPA1L, only the coding regions of the genes were used.
In vitro Translation
Human/HSPA1A and HSPA8 were cloned into the pET3c plasmid (Novagen) containing a T7 polymerase promoter and a T7 terminator. After linearization, the plasmids were used as a template for the production of capped mRNA with the T7 Cap Scribe kit (Roche). Equal amounts of mRNA for HSPA1A and HSPA8 were translated for 1 h using the Reticulocyte Translation Kit Type II (Roche) and 35 S-labeled Methionine (Amersham Biosciences) in a gradient thermocycler in the temperature range 268C to 428C.
Half of the reaction mixture was resolved on a 10% SDS-polyacrylamide gel, dried and exposed overnight to an autoradiography film (Kodak BioMax). The other half was TCA-precipitated on GFC filters (Whatman) according to the protocol enclosed in the Reticulocyte Translation Kit Type II and counted in a liquid scintillation counter.
Results and Discussion
Around 10 genes from the Hsp70 family are present in the genomes of humans and other mammals (Tavaria, Kola, and Anderson 1997) . We focused our attention on the three human genes located in the MHCIII locus. Two of those genes, HSPA1A and HSPA1B, are intronless, and their expression is strongly increased in most tissues after heat-shock or other types of stress. The third gene, HSPA1L, possesses one intron, is testis specific, and is constitutively expressed even in the absence of heat-shock. An orthologous triplet of genes also exists in the MHCIII complex of the mouse ( fig. 1a) and rat (Walter, Rauh, and Gunther 1994; Tavaria, Kola, and Anderson 1997; Ito et al. 1998; ) . It is, therefore, assumed that the duplications that led to the formation of the HSPA1A, HSPA1B, and HSPA1L genes must have taken place before the split of rodent and primate lineages.
To identify possible gene conversion between HSPA1A, HSPA1B, and HSPA1L, we performed a phylogenetic analysis of the coding sequences of the human, mouse, and rat genes. As shown previously (Walter, Rauh, and Gunther 1994), the HSPA1A and HSPA1B paralogs in each species share more similarity with each other than with their respective orthologs in other species ( fig. 1b) . This suggests that gene conversion has homogenized the sequences of human HSPA1A/B genes after the primaterodent split and the sequences of mouse and rat Hspa1 a/b genes after the mouse-rat split.
To locate more precisely the regions undergoing conversion between the paralogous genes, we performed pairwise alignments of human (or mouse) genomic regions containing the genes of interest. The results of this analysis are summarized in table 1. Greater than 99% identity exists between HSPA1A and HSPA1B, as well as between mouse Hspa1a and Hspa1b. The regions of high similarity begin around 500 nucleotides upstream from the start of the open reading frames and stop near the end of the translated regions. Assuming an evolutionary rate of 2.5 silent substitutions per site per billion years (Lynch and Conery 2000) , we can estimate that the last conversion event between human HSPA1A and HSPA1B took place 2 MYA. Similarly, the last conversion event in the mouse can be dated to 3 MYA. Interestingly, we also observed several regions of high local similarity between the mouse Hspa1a and Hspa1l genes (table 1). The average identity at fourfold degenerate sites between Hspa1a and Hspa1l is 57%, but there are some stretches of 50 to 90 codons with more than 90% identity at fourfold degenerate sites. A similar result was obtained for the human HSPA1A and HSPA1L genes (table 1), as well as for the rat genes (data not shown). When we repeated the phylogenetic analysis using those gene fragments, the conversion between Hspa1a/b and Hspa1l became apparent ( fig. 1c and d) . Interestingly, we found that similar regions undergo independent conversions in humans and mice (table 1 and fig. 1d ). The extent of similarity suggests that the most similar fragments of HSPA1A/B and HSPA1L underwent conversion around 15 MYA. We conclude that frequent gene conversion homogenizes the entire coding regions of HSPA1A and HSPA1B and several fragments of HSPA1A (or HSPA1B) and HSPA1L.
Despite their high overall similarity, the Hsp70-family genes from the MHCIII locus show dramatic differences in GC content. The human HSPA1A and HSPA1B genes, as well as their mammalian orthologs, have GC contents of more than 90% in the third position of codons (GC3), whereas HSPA1L and its orthologs have average GC3 values around 60% ( fig. 2a and b) . This difference is clearly not caused by the localization of genes in different isochores, because all three genes are located in the middle of the MHCIII region, which is one of the best-characterized GC-rich isochores and is thought to have a particularly uniform base composition (Oliver et al. 2001; Li et al. 2003) .
To investigate the origin of the high GC content of HSPA1A and HSPA1B genes, we first compared the sequences of four mammalian HSPA1A orthologs. We wanted to know whether the mechanism that has increased the GC content of the HSPA1A genes is still functioning in mammals. As shown in table 2, in all the pairwise comparisons of HSPA1A orthologs, we detected a large excess of G-C transversional pairs as compared with other mutations. This effect is most apparent at fourfold degenerate sites, where it causes the apparent transition/ transversion ratio to be as low as j ¼ 0.17 for the humanmouse gene pair. This observation is quite surprising, because it is widely known that transitions usually occur with higher frequencies than transversions in most, if not all, known genes (Yang and Yoder 1999; Bielawski, Dunn and Yang 2000) . Rather than to assume that G$C transversions occur in mammalian Hspa1a more frequently that any other type of mutation, we propose that the observed pattern is caused by a decreased fixation probability of N!A and N!T mutations. In other words, the excess of G-C transversional pairs suggests that the high GC content is actively and independently maintained in present-day mammalian HSPA1A orthologs. The recent finding that GC-rich isochores in mammals are disappearing (Duret et al. 2002) may, therefore, not be true for all GC-rich genes. A similar effect of increasing GC content was recently described for the mouse Fxy gene (MontoyaBurgos, Boursot, and Galtier 2003). The observed pattern of nucleotide substitutions is compatible both with selective scenarios and with the biased gene conversion hypothesis. To test whether gene conversion or selection accounts for the base composition of the Hsp70-family genes, we plotted the local similarity between the pairs of paralogs and the local GC content along the genes. We reasoned that under BGC, the GCrich regions would correlate with the regions undergoing conversion. Translational selection, on the other hand, would produce a pattern in which the increased GC content would be limited to the coding sequence. In figure 3a and b, it can be seen that the GC-rich regions around Hspa1a and Hspa1b extend beyond the start of the coding sequence. Furthermore, the uneven pattern of GC content in Hspa1l ( fig. 3c-d) is not easily explained by selection for translation efficiency or translation accuracy. On the other hand, there is a very strong correlation between the nucleotide composition and the similarity between the genes ( fig.  3a-d) . This is what one would expect if biased gene conversion increased the GC content of Hsp70-family genes. The high GC content of regions undergoing conversion between Hspa1a (or Hspa1b) and Hspa1l suggests that in most conversion events, the GC-rich gene acted as the template. Furthermore, we have estimated the average frequency of conversion between the HSPA1A and HSPA1B genes to be around one whole-gene conversion per 2 to 3 Myr. Thus, the conversions are over 100 times more frequent than mutations, so all new mutations appearing in one of the HSPA1A/B genes are soon subject to conversion. This is an important point, because it has been noted that conversion must be frequent to account for a high GC-content bias (Eyre-Walker 1999). Our results are, thus, compatible with the hypothesis that BGC increases the GC content in mammalian Hsp70, but they do not completely exclude the possibility that the high GC content has some selective meaning. The selective hypothesis is actually very appealing in the case of the heat-inducible Hsp70 because it nicely fits the idea that the GC-rich isochores appeared in homeothermic vertebrates as an adaptation to their higher body temperatures (Bernardi et al. 1985) . The high GC content of Hsp70 could possibly play a role in the regulation of translation efficiency or fidelity at increased temperatures. However, if the extreme GC content of those genes were really caused by selection on translation efficiency, then every single mutation from an AT pair to a GC pair should increase the translation rate strongly enough to affect the fitness of the organism. As genes with low and high GC contents differ by hundreds of such nucleotide pairs, we expected the difference in their translation rates to be detectable in experimental conditions. To investigate the possibility that the high GC content of HSPA1A and HSPA1B facilitates their expression at elevated temperatures, we performed in vitro translation experiments in rabbit reticulocyte lysates. We compared the translation rates of the HSPA1A (GC3 ¼ 92%) and HSPA8 (GC3 ¼ 46%) genes, which share 85% identity in the amino acid sequence. At the optimal temperature for translation (288C), the translation rates of both genes were fairly similar. Increasing the temperature to 428C in steps of 28C led to a gradual decrease of the amounts of both protein products, but we failed to observe any positive effect of GC content on the translation efficiencies ( fig. 4 ). This result is perhaps not surprising, given the scarcity of published information on the effect of GC content on the translation efficiency in mammals.
It is conceivable that selection for DNA stability, efficiency of transcription, RNA transport, or perhaps RNA stability may increase the GC content of mammalian Hsp70. Further experiments are needed to elucidate these issues, but several arguments seem to counter these possibilities. First, the BGC mechanism is enough to explain the increased GC content of mammalian Hsp70, therefore, we do not need to invoke selective constraints. Second, although it was previously thought that thermophilic organisms are necessarily GC-rich, recent analyses show a lack of correlation between the preferred temperatures and the genomic GC content in prokaryotes (Galtier and Lobry 1997; Hurst and Merchant 2001) and vertebrates (Ream, Johns, and Somero 2003) . This suggests that high GC content may not be required for the efficient expression of heat-shock genes. Indeed, the GC contents of Hsp70 homologs in lower organisms are usually similar to the average GC contents of their genomes and several mammalian heat-inducible genes, such as Hsp90, are not GCrich (data not shown). Taken together, our data suggest that biased gene conversion is the primary mechanism that drives the high GC content in mammalian MHC-linked Hsp70. Because BGC has been recently implicated in the evolution of GC content in histones (Galtier 2003) and in the mouse Fxy gene (Montoya-Burgos, Boursot, and Galtier 2003) , it is probable that biased gene conversion is the major mechanism responsible for the formation of GC-rich genes in mammals. FIG. 4 .-Influence of GC content and temperature on the in vitro translation rates of Hsp70-family genes. Human HSPA1A (GC3 ¼ 92%) and human HSPA8 (GC3 ¼ 46%) were in vitro translated in rabbit reticulocyte lysates for 1 hour at the indicated temperatures. The radioactive protein products were quantified by (a) SDS-PAGE followed by autoradiography or by (b) scintillation counting. In (b), the amount of each product was normalized to its yield at 268C. White circles ¼ HSPA8; black squares ¼ HSPA1A. Each picture is representative of three independent experiments. Mammalian Hsp70 1443 
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